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Research advances on the biological effects of elevated 
ultraviolet-B radiation on terrestrial plants 
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Abstract: This review describes the effects of ultraviolet-B (UV-B) radiation on plant growth and development, photosynthesis and photo¬ 
synthetic pigments and UV-B absorbing compounds. Moreover, plant ecosystem level responses to elevated UV-B radiation and interactions 
of UV-B radiation with abiotic and biotic factors were also involved. Results collected in this review suggest that approximately two-thirds 
terrestrial plant species are significantly affected by increase in UV-B radiation. The majority of evidences indicate that elevated UV-B ra¬ 
diation is usually detrimental but there exists tremendous variability in the sensitivity of species to UV-B radiation, and sensitivity also dif¬ 
fers among cultivars of the same species. 
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Introduction 

Ozone is a strong absorber of solar ultraviolet radiation, and the 
stratospheric ozone layer acts to filter out much of the ultraviolet 
component of the solar spectrum before it reaches the earth's 
surface. However, a reduction of the stratospheric ozone layer 
has taken place over the last several decades in response to 
chlorofluorocarbons emissions from mankind’s activity, which 
have been well documented (WMO 2007). Depletion of ozone 
resulted in a substantial increase in the UV-B radiation (280-320 
nm) reaching the earth’s surface. 

UV-B radiation effects on terrestrial plants involve in the mo¬ 
lecular scale, such as DNA damage, tissue and whole plant scale, 
including a decrease in photosynthetic activity and changes in 
plant structure and biomass, and the communities and ecosys¬ 
tems scale, including a possible shift in competitive balance be¬ 
tween species and species populations. When exposed to 
elevated UV-B radiation, plants present a wide variety of 
physiological and morphological responses characterized as 
acclimation and adaptation, which is now of major concern to 
biologists because these responses potentially threat to produc¬ 
tivity of agriculture and forestry, as well as to the stability of 
terrestrial ecosystem. For example, the measured physiological 
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and biochemical parameters on pea and wheat indicated that 
UV-B radiation has a stronger stress effect than drought on plant 
growth (Alexieva et al. 2001). Therefore, since the first report 
revealed potential stratospheric ozone reduction in 1970’s 
(Johnston 1971), considerable researches on the biological ef¬ 
fects of increased solar UV-B radiation on terrestrial plants have 
been conducted worldwide (Caldwell 1971). 

Great numbers of reports indicate that most terrestrial plants 
could potentially be affected by increased solar UV-B radiation, 
including plant morphology, biomass and seed production, sec¬ 
ondary metabolites, disease incidence and population fluctua¬ 
tions, et al. However, there exists tremendous variability in plant 
species sensitivity to UV-B radiation (Teramura 1983). Some 
species show sensitivity to present levels of UV-B radiation 
while others are apparently unaffected by rather massive en¬ 
hancements (Becwar et al. 1982). This issue is further compli¬ 
cated by reports of large response differences among cultivars of 
a species (Feng et al. 2002). 

In this paper, recent advances in studies on the UV-B biologi¬ 
cal effects on plants from a great deal of literatures were over¬ 
viewed. We concentrated on the impact of elevated UV-B radia¬ 
tion on terrestrial plant morphology, photosynthesis and photo¬ 
synthetic pigments, DNA damage and biomass productivity, as 
well as on the terrestrial ecosystem function and stability. Finally 
the future study hotspots in fields of UV-B effects on terrestrial 
plant were summarized. 

General effects on organisms 

Effects of UV-B radiation on plant morphology 

Numerous studies have been conducted to determine the impacts 
of UV-B radiation on plant morphology and growth allocation. 
The responses to UV-B treatments under field conditions in¬ 
volved in substantial changes in plant morphology and develop¬ 
ment, including plant height, leaf area, leaf thickness, branching 
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and plant phenology. Among morphology characteristics altered 
by UV-B radiation, reductions in plant height and leaf expansion 
are most pronounced. Inhibition of stem elongation and leaf area 
expansion has been observed in many species in response to 
elevated UV-B radiation (Caldwell et al. 1995), which lead to 
more compact and shorter plants. For example, UV-B exclusion 
experiments in the field with the Datura ferox L. suggested that 
elevated UV-B incident reduced seedling emergence, inhibited 
stem elongation and leaf expansion, and tended to reduce bio¬ 
mass accumulation during early growth periods (Ballare et al. 
1996). In the study conducted by Tevini et al. (1991), plant 
height, leaf area, and the dry weight of sunflower, com, and rye 
seedlings were significantly reduced with elevated UV-B radia¬ 
tion. Delays in development and decrease in plant height were 
also observed at early tillering stage of spring wheat with ele¬ 
vated UV-B treatment (Li et al. 1998). Mark and Tevini (1996) 
speculated that the mechanism for reduced stem elongation by 
elevated UV-B radiation might be due to changes in the phyto¬ 
hormone levels, especially IAA which plays a role in stem elon¬ 
gation. 

Similar to plant height, leaf area is also a very sensitive growth 
parameter that responds to elevated UV-B radiation. Leaf area 
was less due to both smaller and lesser number of leaves when 
plants were exposed to elevated UV-B radiation (Zhao et al. 
2003). The reduction in leaf area was caused by a reduction in 
cell size and a change in leaf structure (Hofmann et al. 2001). On 
the other hand, increase in leaf thickness due to their anatomical 
response to UV-B radiation was often reported (e.g., Bomman 
and Vogelman 1991). Yamasaki et al. (2007) reported that con¬ 
tinuous UV-B irradiation on the surface of cucumber cotyledons 
induced cell division at or under the basal part of sharp-headed 
trichomes, resulting in an increase in the number of cell layers 
from three to six. In contrast to these findings, some studies also 
reported a decrease in leaf thickness along with an increase in 
number of palisade layers under elevated UV-B radiation, for 
example, the field studies on cotton revealed a decrease in thick¬ 
ness of both the palisade and mesophyll tissue, while the epider¬ 
mal thickness remained unchanged (Kakani et al. 2003). 

Effects of UV-B radiation on photosynthesis and photosynthetic 
pigments 

One of the most susceptible physiological processes of plant to 
elevated UV-B radiation is photosynthesis. Many studies indi¬ 
cated that elevated UV-B radiation resulting in a decrease in 
photosynthetic activities, though these responses depend on plant 
species, cultivars, experimental conditions and UV-B dosage. 
Battaglia and Brennan (2000) reported that treatment with UV-B 
radiation of 194 kj-m' 2 lead to significantly reduced cotyledon 
COj fixation rates in cucumber, but no such effect in sunflower. 
Correia et al. (1999) found that under field conditions, a 30% 
increase in UV-B radiation from ambient level significantly de¬ 
creased leaf photosynthesis of most corn cultivars (25%-46%), 
but the photosynthetic rates of two cultivars did not change, 
compared to the control. A pot experiment conducted by Cai et al. 
(2007) in the field showed that the photosynthetic responses of 
pioneer plants to elevated UV-B radiation were greater than 
those of species in late successional stage, which suggested that 
the late successional stage species were more tolerant to UV-B 
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radiation, and therefore, could compete for more resource to 
keep dominance in ecosystem. 

Currently it is not clear about the mechanism of photosynthe¬ 
sis inhibition induced by UV-B radiation. Decreases in Rubisco 
activity, stomatal conductance and PSII activity have been re¬ 
ported as possible candidates. Ultrastructural damage to chloro- 
plasts and changes in photosynthetic pigments also result in re¬ 
duction of photosynthesis. Changes in leaf ultrastructure due to 
elevated UV-B radiation would modify the light penetrability of 
leaf and hence affect photosynthesis. A decrease in chlorophyll 
content was evident on exposure to elevated UV-B radiation in 
most of the plant species due to a breakdown of the structural 
integrity of chloroplasts. Chlorophyll reduction on exposure to 
UV-B in major plant species ranged from as low as 10% to as 
high as 78% (Kakani et al. 2003) and the reduction being higher 
among the dicot species, compared to that in monocot species, 
which in some ways explains plant species differed in their abil¬ 
ity to tolerate UV-B radiation. 

UV-B radiation can have a deleterious effect on several targets 
of photosynthetic organisms. The most UV-B sensitive organism 
is the light energy-converting complex of photosystem II (PS II) 
(Andersson et al. 1991). Inhibition of PSII activity by UV-B 
radiation is accompanied by the degradation of the D1 and D2 
protein subunits, which fonn the heart of the PS II reaction cen¬ 
ter by contributing ligands to cofactors that mediate primary 
photochemistry. The mechanism of damage induced by UV-B 
radiation to the electron transport and protein structure of PSII 
has been investigated by a number of studies. According to a 
widely accepted viewpoint, UV-B radiation mainly damages the 
donor side of PSII by inactivating the Mn cluster of water oxida¬ 
tion (e.g., Post et al. 1996). For example, Vass et al. (1996) 
found that UV-B irradiation results in the rapid inhibition of 
oxygen evolution and the decline of variable chlorophyll fluo¬ 
rescence. UV-B irradiation also induces the degradation of the 
D1 reaction center protein. These effects are accompanied by the 
loss of the multiline EPR signal arising from the S2 state of the 
water-oxidizing complex. Sicora et al. (2003) proposed that 
photoinhibition by sunlight can be initiated by a UV-B induced 
inhibition of PSII donor side followed by the destruction of the 
PSII reaction center. This idea was developed by Bergo et al. 
(2003) who declared that the fonnation of the C-terminal frag¬ 
ment of D1 protein fragment in UV-B light is a photochemical 
process, whereas the degradation of the fragment in white light is 
a protease-mediated process. 

Effects of UV-B radiation on plant protective mechanisms 

UV-B radiation produces several detrimental effects on plant 
cells, including damage to proteins, membrane lipids, and DNA. 
Plants have developed natural adaptations such as anatomical, 
morphological and biochemical changes, which help to reduce 
UV-B penetration into plant tissues, and to alleviate the detri¬ 
mental effect of UV-B radiation. It has been reported (Ballare et 
al. 1995) that the inhibition of hypocotyl elongation and retarda¬ 
tion of plumular hook opening in emerging seedlings increased 
amount of UV-B-absorbing compounds in the epidermis, thereby 
reducing the damaging impact of UV-B when the seedling even¬ 
tually is exposed to full sunlight. Similarly, the reduced leaf area 
expansion and increased leaf thickness induced by elevated 
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UV-B radiation may lengthen the optical path between the leaf 
epidennis and sensitive cellular sites in the mesophyll. The pali¬ 
sade cells from UV-B irradiated leaves were wider and shorter. 
The increase in cell number would increase the cell wall surface 
area, which blocks and prevents the harmful UV-B radiation 
from reaching the abaxial photosynthetically active mesophyll. 
The increased palisade cell number would also increase the 
amount of air-cell wall interfaces, which is an important pa¬ 
rameter affecting reflectance and transmission of the incident 
radiation through the leaf surface (Bomman and Vogelman 
1991). 

In UV-B supplementation studies, an increase in production of 
secondary metabolites in leaf tissues was the most apparent re¬ 
sponse across studies. These studies indicated that UV-B ab¬ 
sorbing compounds increase from 10% to 300% in plants. Sedej 
and Gaberscik (2008) argued that the tolerance of Norway spruce 
to elevated UV-B radiation was to a large extent due to the high 
content of methanol-soluble UV-B absorbing compounds. Li et al. 
(1993) demonstrated that both flavonoids and other phenolic 
compounds play important roles in the protection of plant from 
elevated UV-B radiation. Steinmuller and Tevini (1985) found 
that elevated UV-B irradiation produced 23% and 28% increase 
in wax content on leaf area from barley and bean, respectively. 
The epicuticular wax layer is known to accumulate most of the 
secondary metabolites, such as phenolics and flavonoids that 
absorb UV-B radiation and shield the underlying tissues against 
harmful UV-B radiation (Olsson et al. 1998). Besides, epicuticu¬ 
lar wax increases reflectance markedly in the ultraviolet and blue 
regions of the spectrum. For example, increased wax provided a 
protective mechanism as the epicuticular wax reflects from 10% 
to 30% of the incident UV-B radiation in eucalyptus (Holmes 
1997). 

Effects of UV-B radiation on DNA damage 

One obvious target for UV-B induced damage to plants is DNA. 
The biological effects of UV-B radiation on plants included both 
changes at the physiological level and more direct damage to 
cellular macromolecules such as DNA. Several types of damage 
can occur as a result of absorption of UV-B photons by DNA. 
Ballare et al. (1996) reported that leaves of Datura ferox that 
received near ambient UV-B levels had about twice the number 
of lesions per unit of DNA more than plants grown with UV-B 
exclusions. Rousseaux et al. (1999) found that the passages of 
the ozone hole over South America caused concomitant increases 
in UV-B radiation and led to significant increases in DNA dam¬ 
age in the native plants. The fluctuations in solar UV-B radiation 
explained a large proportion of the variation in DNA damage (up 
to 68%). 

The mounting evidences have shown that direct and indirect 
damaging effect of UV-B radiation on plants DNA could be a 
concrete threat to terrestrial ecosystem. Several studies suggested 
the inhibition of stem elongation is either a direct consequence of 
damage to proteins or is somehow a cellular signal derived from 
DNA damage by UV-B radiation (Beggs et al. 1985). A letters to 
journal Nature pointed out that increases in terrestrial solar 
UV-B radiation as forecasted for the early 21st century may af¬ 
fect genome stability in plants, but the good thing is that the 
damaged DNA could be repaired correctly so that mutations are 


avoided and the genome can remain functional (Ries et al. 2000). 

In recent years, UV-B radiation caused DNA damages and re¬ 
pairs have been intensively studied (Kimura and Sakaguchi 
2006). A number of studies are currently attempting to identify 
the genes required for UV-B tolerance and repair. Studies of in 
vivo cellular repair mechanisms have focused largely on DNA 
repair by themselves in plants (e.g., Machado et al. 1996). It is 
conceivable that some plants have evolved particularly efficient 
mechanisms for the elimination of UV-induced DNA damage 
(Britt 1995). Usually plants have the ability to repair DNA dam¬ 
ages caused by UV-B irradiation, using DNA repair enzymes 
such as photolyase. However, the repair capability is very slow 
depending upon the plants themselves. It was reported that high 
photosynthetically active radiation (Olszuk 1996), high concen¬ 
tration of CO 2 (Teramara 1990) and low nitrogen supply (Hunt 
and McNeil, 1998) could alleviate cells damage caused by UV-B 
radiation in plants. 

Past studies have illustrated that laser pretreatment could pro¬ 
tect plant cell from elevated UV-B radiation (Qi et al. 2000)). 
Though the mechanism of the bio-effect of lasers is not explicit, 
it led to the hypothesis that lasers have the ability to repair or 
accelerate repair of plant damage induced by UV-B radiation. 
Through a series of experiments on broad bean (Vicia faba L.) 
using He-Ne Laser, Qi et al. (2002) reported that the laser had a 
long-term positive physiological effect on the growth of 
UV-B-damaged plants. With the exception of the severe damage 
caused by higher UV-B radiation, a laser with the proper flux 
rate and treatment time can repair UV-B-induced damage and 
shorten the recovery time. Similar results were obtained by Han 
et al. (2002) in a study with wheat. Qiu et al. (2006) first reported 
the optical effect of a semiconductor laser on protecting wheat 
from UV-B radiation damage, and demonstrated that semicon¬ 
ductor laser irradiance had the capability to protect plants from 
UV-B-induced DNA damage. Although some progresses have 
been made in the genetics of DNA damages repairs, the studies 
on higher plants is still in its infancy. The difficulty is that the 
DNA repair is not only a fundamental cellular process for pro¬ 
tecting cells against the damage, but is also essential to ensure 
faithful transmission of genetic information from one generation 
to the next. It would be useful to know more about DNA repair 
mechanisms, capacity, and what enzymes repair what kinds of 
damage. 

Interaction of UV-B and other environmental fac¬ 
tors 

Plants in nature are seldom affected by a single stress factor. 
Instead, they typically respond to several factors acting in con¬ 
cert, such as water stress, increased CO 2 concentration, availabil¬ 
ity of nutrients, altered precipitation and temperature (Caldwell 
et al. 1998). The changes of other environmental factors are 
likely to modify the impacts of UV-B radiation on plants, while 
in turn varied UV-B radiation can alter the way in which plants 
respond to environmental factors. Several factors have been 
shown to modify UV-B-induced responses of plants, either alle¬ 
viating or enhancing the UV-B radiation effect. However, con¬ 
current responses of terrestrial plants to the combination of ele¬ 
vated UV-B radiation and other factors, such as temperature, CO 2 , 
available nitrogen, and water supply are less well understood. 

4c) Springer 




386 


Journal of Forestry Research (2009) 20(4): 383-390 


Under the background of global climate change, there is growing 
interest regarding the joint effects of elevated UV-B radiation 
and other environmental factors on plants. On the other hand, 
though the interactive effects between these abiotic or biotic 
factors and UV-B radiation has been recognized as important in 
the prediction of global climate change, there have been rela¬ 
tively few studies that have examined the joint effects of UV-B 
and other stress factors on plant response. Available study results 
showed both positive and negative interactive effects on plants 
with UV-B radiation along with other environmental factors. The 
overall UV-B effect was aggravated and in some cases amelio¬ 
rated by environmental factors (Caldwell et al. 1998). 

Interactive effect of UV-B and CO 2 

When studied independently, plant growth can be augmented by 
elevated C0 2 levels, while plant growth responses to elevated 
UV-B radiation generally presents an opposite directions. Many 
earlier studies have shown that elevated C0 2 ameliorates many 
injurious effects of UV-B and very few aggravated cases were 
reported. For example, using canola under controlled environ¬ 
ment conditions, Qaderi and Reid (2005) found that elevated 
C0 2 concentrations counteract the tendency of decreasing plant 
height by UV-B radiation. Elevated C0 2 sometimes appears to 
provide some protection against elevated UV-B radiation for 
some species; however, several newest studies suggested that 
many of the damage effects of UV-B radiation are usually not 
ameliorated by the elevated C0 2 . For example, Koti et al. (2005) 
reported that elevated C0 2 had a small beneficial effect in some 
soybean varieties, but didn’t alleviate the detrimental effect of 
high UV-B radiation on pollen morphology, production, or ger¬ 
mination. Similar results were also obtained for supplemental 
UV-B radiation and elevated C0 2 concentration in an experiment 
on cotton (Zhao et al. 2004). 

Interactive effect of UV-B and water stress 

Plants that endure water deficit stress effectively are likely to be 
tolerant to high UV-B radiation. Paoletti (2005) found that 
Mediterranean forest species are well protected against increases 
in UV-B radiation due to long term natural adaptations to water 
stress. Through experiments on two contrasting poplar species, 
Ren et al. (2007) also found that plants originating from high 
altitude and being apparently adapted to drought and high levels 
of UV-B, exhibit greater tolerance to drought and elevated UV-B 
radiation than plants from lower altitude. Initially the interpreta¬ 
tion was that water stress resulted in a large reduction in photo¬ 
synthesis and growth that masked the UV-B effect, but now it 
tended to be explained as that water-stressed plants resulted in a 
higher concentration of leaf flavonoids, which in turn, provided 
greater UV-B resistance (Ren et al. 2007). 

Similarly, elevated UV-B radiation in field experiments tended 
to alleviate drought symptoms. Interaction experiments on spring 
wheat suggested that co-stresses of supplementary UV-B radia¬ 
tion and drought synergistically functioned and one of them 
could alleviate the inhibitory effects of another under the condi¬ 
tion of arid and semiarid (Feng et al. 2007). With shrub from the 
Tibetan Plateau of China, Yang et al. (2005) found that elevated 
levels of UV-B radiation tended to alleviate the effects of 
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drought on decreased plant dry mass, and increased the levels of 
a plant honnone (abscisic acid) that is known to mediate plant 
responses to water stress. 

Interactive effect of UV-B and temperature 

Extreme temperatures influence the sensitivity of plants to UV-B 
radiation directly. Tropical legumes exposed to elevated UV-B 
radiation were less detrimentally affected if they were simulta¬ 
neously exposed to higher temperatures (Nedunchezhian and 
Kulandaivelu 1996). In turn, UV-B radiation sometimes in¬ 
creases plant tolerance under extreme high temperature condi¬ 
tions. For example, UV-B radiation increased heat tolerance 
considerably in cucumber plants grown in growth chambers 
(Teklemariam and Blake 2003). On the other hand, freezing 
tolerance is generally increased by UV-B radiation exposure 
(Dunning et al. 1994). For example, freezing tolerance of jack 
pine seedlings grew in growth chambers was increased by UV-B 
radiation and this was linked to induction of secondary com¬ 
pounds in plant tissues with elevated UV-B radiation (Tekle¬ 
mariam and Blake 2004). In contrast to these findings, decline of 
frost tolerance was also observed for several tree species (fir, 
interior spruce and yellow-cedar) when UV-B radiation increased 
above the ambient level (L’Hirondell and Binder 2005). Thus 
field validation studies conducted over several growing seasons 
with full temperature ranges are crucial in assessment of plants 
responses to elevated UV-B radiation. 

Interactive effect of UV-B and nitrogen supply 

Interactions of nitrogen and UV-B may be more important in 
regions experiencing nitrogen deposition or in agricultural sys¬ 
tems with nitrogen applications. Studies show that plants well 
supplied with nitrogen are generally more sensitive to UV-B 
radiation (Caldwell et al. 2007). In field experiments, supple¬ 
mental UV-B caused reductions in total biomass, nitrogen con¬ 
tent and specific pigment concentrations for a South African 
legume species, but the UV-B effect was much more pronounced 
if the plants were supplied with supplemental nitrate (Chim- 
phango et al. 2004). In another field study with simulated ozone 
reduction, net photosynthesis of maize was more affected by 
UV-B at high nitrogen supply than at low nitrogen levels (Cor¬ 
reia et al. 2005). The majority of evidence indicates that the 
co-stresses of these two factors will be a critical threat to terres¬ 
trial ecosystem production and stability considering that the an¬ 
ticipated increase of both UV-B radiation and nitrogen deposi¬ 
tion under the global climate change regime. 

Plant ecosystem responses to UV-B radiation level 

The direct effects of elevated UV-B radiation on terrestrial plants 
may lead to indirect effects on ecosystem balance through effects 
on other biotic components present in the ecosystem, e.g., plant 
weeds, diseases, insects and nitrogen-fixers. However, predic¬ 
tions of ecosystem consequences of elevated UV-B radiation are 
complicated because species interactions and the ecosystem 
components are also affected by the biotic and abiotic factors, 
e.g., soils, water, mineral elements, etc. 
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Relation between UV-B radiation and plant diseases / insects 

Most of our present knowledge about the impacts of elevated 
UV-B radiation on terrestrial ecosystems comes from studies 
with plants. Recently, the effects of UV-B radiation on the activi¬ 
ties of plant diseases and insects have begun to receive attention. 
Results from previous experiments indicate that elevated UV-B 
radiation can significantly increase the susceptibility of plant to 
disease. Directly, UV-B radiation reduces some plant diseases 
because of damage to pathogens, which can be a major factor 
limiting the survival of spores during dispersal and infection 
period. Indirectly, plant disease could be reduced because UV-B 
radiation alters the chemistry of the host plants, making it more 
resistant to infection (Paul 2000). 

Insects-plants relationships can also be altered due to the di¬ 
rect effects of UV-B radiation on insect behaviors or the indirect 
effects on plant secondary metabolites (Caldwell et al. 1989). 
Actually, changes in plant chemical composition are more com¬ 
monly reported and may lead to substantial reductions in con¬ 
sumption of plant tissues by insects. Several studies (e.g., Ballare 
et al. 1996; Zavala et al. 2001) reported that plants exposed to 
ambient UV-B radiation often suffer less herbivory by insects 
than by plants cultivated under filters that specifically exclude 
the UV-B component of solar radiation. For example, field ex¬ 
periments with Datura ferox L. showed that plant exposure to 
UV-B radiation reduced one-half of the likelihood of leaf at¬ 
tacked by beetle (Ballare et al. 1996). In a laboratory and field 
choice experiment with soybean crops, Mazza et al. (1999) found 
that elevated UV-B radiation strongly reduced thrips herbivory. 
Thrips preferred leaves from plants that were exposed to solar 
UV-B radiation, and appeared to avoid exposure to solar UV-B. 
These experiments suggested that phytophagous insects could 
present direct and indirect behavioral responses to elevated 
UV-B. In some ways, it is because of altered insect behaviour, 
but in most cases, changes in plant chemical and physical char¬ 
acteristics induced by UV-B radiation usually account for the 
reduced herbivory. Such modifications affect many interactions 
of plants with other organisms, both above and below ground. 
This argue was well verified by a climate-manipulation experi¬ 
ment carried out over antarctic vegetation, through the research 
showed that that near ambient solar UV-B radiation decreased 
the prevalence of soil-dwelling microarthropod species in soils 
(Convey et al. 2002). Since these soil insects are not directly 
exposed to solar radiation, the effects were assumed to have been 
mediated by UV-B-induced changes in the vegetation. 

Relation between UV-B radiation and species competition 

UV-B enhancement may lead to a shift in competitive balance 
among certain species, such as crops and weeds. Many studies 
reported that elevated UV-B could alter the competitive balance 
between crops and weeds (e.g., Barnes et al. 1988), while com¬ 
petition from weeds could reduce crop yield. In a field study with 
wheat ecosystem, Li and Wang (2001) found with elevated UV-B 
radiation, species number and population quantity of weeds and 
soil macroanimals decreased, species diversity changed, total 
biomass of weeds reduced. Their investigations well revealed 
that competitive balance between wheat and major weeds could 


be altered under elevated UV-B conditions. In several experi¬ 
ments (e.g., Barnes et al. 1988), mixtures of plants exposed to 
elevated UV-B radiation have exhibited changes in the balance 
of competition even though the respective monocultures of these 
plants did not exhibit particular effects. 

If species competition relationship changes occur on a broad 
scale, it will be one of the most important ecosystem-level con¬ 
sequences of stratospheric ozone reduction, especially in nonag- 
ricultural ecosystems. From the ecological point of species com¬ 
petition, for example, even subtle decreases in plant height due to 
UV-B radiation might be of eventual significance if different 
species were affected to different degrees, which finally lead to 
the change of competent balance between species. However, as 
yet, the underlying mechanisms of changed UV-B level to alter 
plant species competition relationships are still unclear. 

UV-B effect on decomposition and nutrient cycling 

Though sunlight does not penetrate significantly into soils, ele¬ 
vated UV-B radiation can have far-reaching consequences for 
soil processes, such as decomposition and nutrient cycling. 
Duguay and Klironomos (2000) pointed out that UV-B radiation 
has significant direct effects on the decomposition of leaf litter 
by stimulating photochemical breakdown of compounds, such as 
lignin, or by the altering the community of decomposer micro¬ 
organisms and inhibiting microbial decomposition. Several stud¬ 
ies (e.g., Johnson et al. 2002; Niemi et al. 2002) indicated that 
elevated UV-B radiation could induce changes in soil microbial 
communities and biomass, especially specific microbial commu¬ 
nities in close association with roots, as well as alter populations 
of small invertebrates. These changes have important implica¬ 
tions for litters decomposition and mineral nutrient cycling in the 
soil, and finally acted on the ecosystem stability. For example, 
through five years field experiments, Staaij et al. (2001) found 
with supplemental UV-B radiation, fungi that are associated with 
roots and important for plant nutrition cycling were substantially 
decreased in quantity. Although this mechanism remains poorly 
defined, many of these ecosystem-level phenomena appear to be 
the result of systemic changes in chemical and physical proper¬ 
ties of plants and in the nature of root exudates. 

UV-B effect on plant biomass productivity and crop yield 

With reduced photosynthesis under elevated UV-B conditions, 
plant height and leaf area decrease and dry matter production 
reduces in many plant species. The elevated UV-B radiation 
generally has negative impacts on growth, yield and quality of 
some crops such as soybean and winter wheat (Li and Wang 
2001). The response varies with different plant species. Some are 
very sensitive and some are least sensitive. For example, Feng et 
al. (2007) found that elevated UV-B radiation, similar to drought 
stress, could decrease the net photosynthetic capacity of spring 
wheat through different paths, and led to the reduction of root, 
stem and leaves biomass and yield, as well as changed biomass 
and the harvest index. 

Many studies have investigated the possible effects of elevated 
UV-B radiation on food production of agricultural crops. As 
reviewed by Kakani et al. (2003), about 35% of the studies re¬ 
ported no effect on dry weight, and a few (5%) studies demon- 
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strated increases in crop dry matter accumulation, and the dif¬ 
ferences were probably associated with differences in crop spe¬ 
cies, genotypes and UV-B radiation doses. For example, in a six 
year field study of a UV-B-sensitive soybean, Teramura et al. 
(1990) presented a statistically significant 19%—25% reduction 
in seed yield in five of the six years under a 25% ozone reduction 
level. Similarly, approximately one-third of all 16 rice cultivars 
tested showed a statistically significant decrease in total biomass 
with increased UV-B radiation in a greenhouses experiment 
(Teramura et al. 1991). For these sensitive cultivars, leaf area and 
tiller number were also significantly reduced. Li and Wang (1996) 
reported that increased UV-B radiation decreased crop yield by 
affecting both grain number and grain weight. However, con¬ 
trasting results have also been published, showing no effect on 
crop biomass and grain yield. For example, with spring wheat 
under field conditions, Calderini et al. (2008) found that if in¬ 
creases in UV-B radiation take place during the latter stages of 
the crop cycle, the increases of UV-B radiation will not compro¬ 
mise wheat production systems. 

A few recent reports indicated that altered UV-B radiation 
may influence allocation of biomass to root systems. Root mass 
increased with the attenuation of solar UV-B radiation in ex¬ 
periments conducted in Greenland (Rinnan et al. 2005) and 
Tierra del Fuego (Zaller et al. 2002). Ruhland et al. (2005) also 
reported substantial increases in root mass with reduced UV-B 
radiation in solar UV-B radiation attenuation experiments using 
potted plants in Antarctica. However, this phenomenon is not 
always appeared. For example, similar studies in Finland with 
two mire species indicated an increase in root mass with UV-B 
radiation supplementation (Rinnan et al. 2006). The underlying 
mechanisms behind these contradictory responses are not well 
known. 

It is worthy to note that few studies have been undertaken on 
trees or forests, thought forest production account for up to 80% 
of global productivity. As we know, only several studies have 
been done on the relations of trees productivity and UV-B radia¬ 
tion under field conditions. Some studies have demonstrated 
deleterious effects of UV-B radiation on tree growth and physi¬ 
ology. However, few of these studies were conducted consecu¬ 
tively in multi-year scale, thus the long-term effects of UV-B 
radiation on trees is unknown. Sullivan (2005) investigated the 
responses of 35 species to UV-B radiation in North America, and 
no evidence was found that the expected levels of UV-B en¬ 
hancement would result in direct losses in productivity, thought 
1/3 of these have demonstrated some deleterious effects of ele¬ 
vated UV-B radiation. Field studies with loblolly pine trees 
showed a decreased photosynthetic activity under simulated 
ozone depletion scenarios (Teramura and Sullivan 1991). Similar 
effects are reported for plants from alpine and high latitude en¬ 
vironments, such as spruce, birch and ash. The preliminary re¬ 
sults suggested that elevated UV-B effects are normally more 
severe in conifers than in deciduous species. 

Concluding remarks 

A great variety of physiological and morphological plant re¬ 
sponses to UV-B radiation have been demonstrated over the past 
thirty years. The information is helpful in understanding com¬ 
mon responses of plants to UV-B radiation, such as diminished 
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growth, acclimation responses of plants to UV-B radiation and 
interactions of plants with consumer organisms such as insects 
and plant pathogens. Results collected in this review suggest that 
approximately two out of three terrestrial plant species appear to 
be susceptible to increased UV-B radiation, and most evidences 
indicate that elevated UV-B irradiation is usually detrimental. 
However, the responses of terrestrial plants to elevated UV-B 
radiation are fairly complex, due to the complex terrestrial sys¬ 
tem. Our current knowledge of this subject is too limited to draw 
any specific conclusions, but the following general conclusions 
can be draw based on this review. 

(1) UV-B radiation can alter plant morphology through reduc¬ 
tions in plant height and leaf area and increase in leaf thickness, 
and changes in plant geometry. 

(2) UV-B radiation can reduce biomass production and seed 
yield through reductions in leaf photosynthesis and plant growth; 
plant physiological processes are influenced by elevated UV-B 
radiation. Photosynthesis is often suppressed, and the production 
of plant secondary metabolites is increased. 

(3) Several environmental factors have been shown to modify 
UV-B induced responses of plants, either ameliorating or en¬ 
hancing the UV-B radiation effect, while in turn UV-B radiation 
can alter the way in which plants respond to other factors such as 
water stress. 

(4) UV-B-induced changes in soil microbial communities and 
biomass, as well as altered populations of small invertebrates 
have important implications for processing of nutrient cycling in 
the soil. 

In general, there have been significant advances in our under¬ 
standing of the effects of UV-B radiation on terrestrial plants. 
However, assessment of the biological effects of UV-B is not 
simple; because there exists variability between species and va¬ 
rieties in their sensitivity to UV-B radiation and in their ability to 
acclimate. Practically, most of the studies were conducted with 
presumed UV-B levels to simulate conditions that would exist 
with a defined reduction in the ozone layer (typically 10% to 
20%). Although many plant responses to UV radiation have been 
reported, complete mechanistic details of these responses have 
not been elucidated. These responses, such as biomass reductions 
or changes in the ability of crop plants to compete with weeds, 
could result from any UV-B induced events: DNA damage, direct 
photosynthetic damage, membrane changes, protein destruction, 
or hormone inactivation. Based on these, further studies are sug¬ 
gested to be conducted in the future as follow: 

(1) To determine the direct and indirect effects of elevated 
UV-B radiation on ecosystem processes, and the ultimately in¬ 
teractive effect of UV-B radiation with other environmental fac¬ 
tors on plants and the ecosystem; 

(2) To examine the mechanisms of plants respond to UV-B 
radiation, and the dose-response relationships; 

(3) To identify the possible strategies for mitigating, or adapt¬ 
ing to reduce the impacts of UV-B change on terrestrial plants, 
especially economically important crops. This will be a major 
goal of future research subject to maintain agricultural produc¬ 
tion and ecosystem stability. 
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